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Abstract 
Large-dimension welding joints are widely used in shipyards and oilfields. These joints need multi-pass welding processes and tens of hours to 
complete. Although the development of robotic welding techniques shortens the welding time, it is important to have a detailed plan of the 
entire process before welding starts. During detailed planning, pass planning is crucial for the trajectory generation of the robot, since pass 
planning provides the welding sequence in a deep groove and the welding parameters of every pass. A knowledge database is used in this 
research to obtain the relationship between the bead geometry and welding parameters. For the pass planning of deep groove welding, this 
paper proposes an optimization method with the objective to maximize the section area of the weld bead, so that the number of passes can be 
minimized. The welding passes of a deep groove are planned using the proposed method. The planning results show that the optimization 
method is able to provide feasible passes and welding parameters for every pass.   
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1. Introduction 
In shipyards and oilfields, it is common to have large-
dimension welding joints consisting of thick plates or pipes. 
Single-pass welding cannot fill the deep grooves of these 
joints. Correspondingly, multi-pass welding becomes 
necessary and manual methods are usually used. The process 
of manual methods includes preheating, flame cutting, 
grinding, arc welding, postheating, polishing, etc. In order to 
achieve good quality, the entire process poses high 
requirements on the welding technicians and it is difficult to 
achieve high productivity. With the advancement of robotic 
welding processes, high accuracy and high efficiency has 
become possible for the welding of deep grooves. 
For robotic welding systems, trajectory planning is 
important to welding quality and welding efficiency. Hence, it 
has drawn many researchers’ attention [1–4]. Since multiple 
passes are necessary for the welding of deep grooves, pass 
planning should be completed before trajectory generation. 
Precise pass planning makes it possible to realize automatic 
welding using robots, as the planning result provides welding 
sequence and route which are critical to the robotic trajectory. 
However, few researchers have focused on the planning of 
multiple passes. Yang et al. [2] introduced a planning method 
by simplifying weld beads to be parallelograms or trapezoids, 
and these parallelograms or trapezoids are placed into a deep 
groove until the groove is filled. This method simplifies the 
geometry of the weld bead; however, it is not accurate to use 
parallelograms or trapezoids as the section shape of a single 
weld bead is obviously different from a parallelogram or 
trapezoid. In order to approximate the bead section using 
regular curves, Cao et al. [5] investigated Gaussian, logistic, 
parabola and sine functions. Experimental results show that 
the sine function has the highest fitting accuracy to the bead 
section. Nevertheless, the parabola function was found to be 
more accurate than a cosine function, which has the same 
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shape as a sine function, according to the experimental results 
done by Xiong et al. [6]. The parabola function was also 
adopted by Suryakumar et al. [7] and experimental results 
showed low errors. Although accurate approximations of bead 
sections have been used [5–7], their works focused on pass 
planning on flat plates without limitations posed by the groove 
edges. 
The approximation of bead sections is an important step in 
pass planning, but it should be noted that the bead shapes are 
dependent on welding parameters and properties of the base 
and filler metals. This dependence has been studied by many 
researchers. Yang et al. [2] and Suryakumar et al. [7] used 
induced equations to relate bead sections with welding 
parameters. These induced equations can obtain the 
approximate section areas using wire feed rate, wire diameter 
and welding speed; however, it is known that the bead shape is 
also related to the current, voltage, shielding gas and other 
welding parameters. Therefore, it is difficult to achieve good 
accuracy using induced equations. As compared with the 
approximate equations, experimental methods have been 
reported to achieve better accuracy. Regression analysis [8–16] 
and artificial neural networks (ANNs) [11, 14, 16–19] have 
been used widely to model the relationship between bead 
geometry and welding parameters based on experimental data. 
According to Xiong et al. [11], Kim et al. [14] and Lee and 
Um [16], ANNs show superior performance to regression 
analysis in predicting accuracy. Although good accuracy can 
be achieved using experimental methods, their performance is 
highly dependent on experimental data. The corresponding 
models can guarantee the accuracy only in similar welding 
environments, such as the same base metal and filler metal, 
the same welding method, similar ventilation, etc.  
To address the necessity of providing feasible welding 
parameters for various base metals, a knowledge database is 
created to include experimental data of welding of various 
metals. The experimental data contain welding parameters and 
corresponding responses. With the database, the relationship 
between bead geometry and welding parameters can be 
modeled. This model can be used to obtain feasible welding 
parameters during pass planning of deep groove welding. For 
pass planning, a new algorithm is proposed in this research, 
which searches maximal beads to fill a deep groove and 
guarantees that every weld bead can be achieved using 
feasible welding parameters. The objective of this research is 
to provide an optimization method for the pass planning of 
deep groove welding. 
The remainder of this paper is organized as follows. The 
knowledge database for welding is introduced in Section 2. 
Section 3 describes the algorithm proposed for pass planning 
of deep groove welding. After the description, a case study is 
presented in Section 4 to demonstrate the application of the 
planning algorithm. Finally, Section 5 summarizes the results 
and contributions made in the research.  
2. Knowledge database for welding 
The knowledge database in this research contains 
experimental data collected from automatic welding processes. 
Manual welding method is not considered, since several 
welding parameters, such as the welding speed which is 
crucial to the welding quality, cannot be controlled precisely 
during the manual welding process. The database consists of 
hundreds of records and each record has five different 
components, which are the welding method, base metal, filler 
metal, welding parameters and responses. The welding 
method can be metal inert gas welding or metal active gas 
welding. The properties of the filler metals include the 
information of the metal grade, materials and dimensions. 
Figure 1 shows the elements and their properties contained in 
the welding parameters component and the responses 
component. The responses component has one element which 
is the bead geometry characterized by the bead width, bead 
height and bead penetration. 
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Fig. 1. The inputs and outputs of the modelling of welding process. 
With the database, the relationship between the welding 
parameters and the geometry can be modeled using regression 
analysis or ANNs. For many combinations of the base and 
filler metals, it is common to have several parameters that do 
not change and remain constant. Hence, the parameters are 
categorized into constants and variables during the modeling 
process. The modeling results show implicit or explicit 
functions of the variable parameters, while constant 
parameters provide reference to the conditions. 
3. Optimization of pass planning 
Before pass planning, three assumptions have been made in 
this research. They are: (1) the weld bead section can be 
approximated using a parabola function; (2) the overlapped 
area between adjacent passes or between the weld pass and the 
groove edge can be added into the valley area; and (3) the 
bead shape is the same when welding parameters are not 
changed. According to Xiong et al. [6], a parabola function 
can be used to approximate the weld bead section accurately. 
Therefore, the bead shape is represented using Equation (1) 
where h  and w  denote the bead height and width respectively.  
2
2
4hy x h
w
                                                                                          (1) 
Figure 2 depicts the overlapped area and valley area in the 
second assumption. The experiments reported by Cao et al. [5] 
and Xiong et al. [6] show small deviation from the predicted 
results using the second assumption. In order to maintain a flat 
surface for each layer after welding, the bead heights of all the 
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passes in a layer should be the same and the overlapped area 
should be equal to the valley area. Figure 2 shows the section 
view of a single layer of a groove which is to be filled. If n  
denotes the number of passes in the layer, iw  denotes the bead 
width of the i th pass, ix  specifies the location of the i th pass 
in the x  direction, S  denotes the area and 1P , 2P , 3P , 4P  
denote the intersection points of the layer surfaces and the 
groove edges, Equation (2) can be obtained from equal 
overlapped area and valley area. 
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Fig. 2. The pass planning of a single layer in a deep groove. 
In Equation (2), the unknown variables include iw  and ix  
if the number n  and bead height h  have been defined. The 
number of unknown variables is 2n , but Equation (2) has 
1n  linear equations. If 1n ! , various solutions can be 
obtained. In order to guarantee a unique solution, the bead 
widths of all the passes in a layer are required to be equal. If 
the groove edges are straight lines and Pix  denotes the x  
coordinate of the intersection point iP , Equation (3) can be 
obtained. 
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The objective of pass planning optimization is to fill a deep 
groove using minimal number of passes, since fewer numbers 
can increase welding efficiency and decrease the possibility of 
producing defects among adjacent passes. In order to achieve 
this goal, the section area of the weld bead can be maximized, 
as a larger weld bead can decrease the number of passes in a 
defined groove. Hence, the objective function is to maximize 
Equation (4), where Pix  is dependent on the groove shape and 
the bead height. The variables include h  and n . 
3 4 1 2( )P P P P
hS x x x x
n
                                                                 (4) 
During maximization, n  must be a positive integer, and 
the values of h  and w  subject to the constraint which 
requires that the bead shape can be achieved using feasible 
welding parameters. With the knowledge database introduced 
in Section 2, the relationship between the bead height h , bead 
width w  and welding parameters vector V  can be modelled 
using ( )H V  and ( )W V . If B  denotes the range of the 
welding parameters, the constraint can be formulated to be the 
following expression. 
2 2:[ ( ) ] [ ( ) ] 0H h W w      V B V V                                       (5) 
Since the bead width w  can be obtained using Equation 
(3), the optimization can be specified using Equation (6), if H  
denotes the tolerance defined by the users, and gh  denotes the 
distance between the bottom surface of the current layer and 
the top surface of the groove as shown in Figure 2. Figure 3 
describes the planning procedure. 
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Fig. 3. The flow chart of pass planning. 
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4. Case study 
An example is used in this section to explain the 
application of the proposed pass planning method. A deep 
groove is illustrated in Figure 4. A group of experimental data 
in the database is used to develop the prediction model of the 
weld bead geometry. The experiment uses a mild steel plate as 
the base metal. The filler metal is steel wire with diameter of 
1.2mm. Pure argon is employed as the shielding gas. Table 1 
lists the values of the welding current, voltage and speed and 
the corresponding bead heights and widths. With the 
experimental data, Equation (7) is obtained using regression 
analysis where I  denotes the current, V  denotes the voltage 
and v  denotes the welding speed. 
5 4
4 4 6
4
2.6964 0.0031 0.0571 0.0077 6.6 10 1.6 10
0.8523 2.0 10 0.1338 0.0045 1.7 10 8.0 10
1.6 10
h v V I vV VI
w v V I vV vI
VI
 
  

­      u  u°   u    u  u®° u¯
     (7) 
From Table 1, it can be seen that the ranges of speed, 
voltage and current are 250 410vd d , 20 30Vd d  and 
180 360Id d . Figures 5 and 6 show the comparison between 
the experimental results and the prediction values of the bead 
height and bead width using Equation (7). It can be seen that 
there are small deviations between the prediction values from 
the experiment results. With the parameter ranges and 
Equation (7), the maximum bead area can be obtained, which 
is 8.62mm2 when 2.704h  mm and 4.782w  mm.  
 
25mm
3mm30° 30°
Root pass
 
Fig. 4. The dimensions of a deep groove. 
 
 
Fig. 5. Experimental and prediction values of bead height with 25V voltage 
and 330mm/min welding speed. 
 
 
Fig. 6. Experimental and prediction values of bead width with 25V voltage 
and 330mm/min welding speed. 
Table 1. Welding parameters and corresponding bead dimensions. 
Speed v  
Voltage 
V  
Current 
I  
Bead 
height h  
Bead 
width w  
mm/min Volt Ampere mm mm 
250 20 180 1.90 3.77 
250 20 260 2.32 4.27 
250 20 360 2.77 4.78 
250 25 180 1.48 4.38 
250 25 260 1.81 4.97 
250 25 360 2.16 5.56 
250 30 180 1.21 4.96 
250 30 260 1.48 5.62 
250 30 360 1.76 6.29 
330 20 180 1.76 3.33 
330 20 260 2.15 3.78 
330 20 360 2.57 4.22 
330 25 180 1.37 3.87 
330 25 260 1.68 4.39 
330 25 360 2.00 4.91 
330 30 180 1.12 4.38 
330 30 260 1.37 4.97 
330 30 360 1.64 5.56 
410 20 180 1.66 3.02 
410 20 260 2.03 3.43 
410 20 360 2.42 3.84 
410 25 180 1.29 3.52 
410 25 260 1.58 3.99 
410 25 360 1.89 4.46 
410 30 180 1.06 3.98 
410 30 260 1.29 4.52 
410 30 360 1.54 5.05 
 
Due to the root opening, which brings difficulties for 
robotic welding, the root pass as shown in Figure 4 is 
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assumed to be completed by manual welding and it is 
excluded from the pass planning. Figure 7 depicts the 
planning result. It can be seen that there are 10 layers and 51 
passes in total. Table 2 lists the number of passes in each layer 
and the corresponding welding parameters. In Table 2, the 
layers are numbered from the bottom to the top of the groove. 
From Table 2, it can be seen that all the passes can be 
achieved using feasible welding parameters and most of the 
bead areas are close to the maximum. 
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Fig. 7: The planned passes in the groove. 
Table 2. Number of passes and bead dimensions in each layer and 
corresponding welding parameters. 
Layer 
No. of 
passes 
Bead 
height 
Bead 
width 
Bead 
area 
Speed Voltage Current 
  mm mm mm2 
mm/
min 
Volt Ampere 
1 1 1.832 6.086 7.433 250.7 28.774 360 
2 2 2.589 4.957 8.555 250 21.170 360 
3 3 2.677 4.825 8.610 250 20.283 360 
4 4 2.704 4.782 8.620 250 20.007 360 
5 5 2.699 4.763 8.569 253.2 20.000 360 
6 6 2.694 4.747 8.527 255.8 20.000 360 
7 6 2.253 5.461 8.204 250 24.546 360 
8 7 2.390 5.256 8.373 250 23.169 360 
9 8 2.477 5.125 8.463 250 22.296 360 
10 9 2.574 4.978 8.540 250 21.312 360 
 
5. Conclusion 
The knowledge database is able to provide accurate 
prediction models. The models can be used to predict bead 
shapes with the given welding parameters. The welding 
parameters can also be obtained to achieve defined bead 
shapes using the prediction models. 
The optimization algorithm for pass planning maximizes 
the section areas of the weld bead in every layer to achieve 
minimal number of welding passes. The planning result 
provides the number of layers, number of passes in each layer 
and the corresponding welding parameters. The case study 
shows that the proposed method is able to provide feasible 
solutions for the pass planning of a deep groove and the weld 
beads of all the passes can be achieved using feasible welding 
parameters. 
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